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Plasmodium vivax causes 25-40% of malaria cases worldwide, yet
research on this human malaria parasite has been neglected. Never-
theless, the recent publication of the P. vivax reference genome now
allows genomics and systems biology approaches to be applied to
this pathogen. We show here that whole-genome analysis of the
parasite can be achieved directly from ex vivo-isolated parasites,
without the need for in vitro propagation. A single isolate of P. vivax
obtained from a febrile patient with clinical malaria from Peru
was subjected to whole-genome sequencing (30x coverage). This
analysis revealed over 18,261 single-nucleotide polymorphisms
(SNPs), 6,257 of which were further validated using a tiling micro-
array. Within core chromosomal genes we find that one SNP per
every 985 bases of coding sequence distinguishes this recent Peru-
vian isolate, designated 1Q07, from the reference Salvador | strain
obtained in 1972. This full-genome sequence of an uncultured P.
vivax isolate shows that the same regions with low numbers of
aligned sequencing reads are also highly variable by genomic micro-
array analysis. Finally, we show that the genes containing the larg-
est ratio of nonsynonymous-to-synonymous SNPs include two AP2
transcription factors and the P. vivax multidrug resistance-associ-
ated protein (PvMRP1), an ABC transporter shown to be associated
with quinoline and antifolate tolerance in Plasmodium falciparum.
This analysis provides a data set for comparative analysis with im-
portant potential for identifying markers for global parasite diver-
sity and drug resistance mapping studies.
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M alaria research has tended to neglect Plasmodium vivax, the
cause of 25-40% of malaria cases worldwide (1). Global
eradication of malaria will depend on having effective therapies
against this parasite, but experimental work is hampered by the
lack of in vitro cultivation methods necessary for propagation and
experimental manipulation (2).

Recent developments have increased the priority of studying
P. vivax. First, recent reports indicate that severe vivax malaria
occurs and is understudied (3-5). Second, as happened previously
with Plasmodium falciparum, chloroquine-resistant and multidrug-
resistant P. vivax strains are emerging (3, 6-9). P. vivax also appears
increasingly resistant to, or tolerant of, primaquine, the only li-
censed antimalarial that can eliminate the latent liver-stage hyp-
nozoites (10). The latent hypnozoites prevent clearing of P. vivax
malaria by schizonticidal drugs and result in recurrent relapses.
Loss of primaquine as an effective hypnozoite treatment will ham-
per eradication efforts; understanding and monitoring emerging
resistance is imperative.

Because P. vivax cannot be easily propagated in vitro, obtaining
genomic DNA sufficient for whole-genome studies is difficult and
in the past has required primate infections. Genome-sequencing
efforts required P. vivax isolate Salvador I (Sall) to be amplified in
primates to generate enough genomic DNA for sequencing at 10X
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coverage. The current assembly includes 14 chromosomes (22.6
Mb) and ~2,700 small contigs (4.3 Mb), mostly consisting of un-
assembled subtelomeric sequences (11). Additional sequencing of
worldwide isolates of P. vivax has been approved at sequencing
centers (12), but the necessity of maintaining parasites in infected
primates greatly limits the number of samples available. Although
the availability of the genome sequence provides new opportunities
to discover drug and vaccine targets and to perform gene expression
(13, 14) and proteomic studies, the lack of worldwide genetic di-
versity data has hampered population studies. At present, many P.
vivax studies still rely on a small set of polymorphic antigens such as
circumsporozoite protein, merozoite surface proteins, and apical
membrane antigen (AMA-1) to assess diversity (15-20). Although
these single-gene approaches are often sufficient for determining
polyclonal infections, they are not the ideal markers for studying
parasite genetic diversity because they are highly variable. For this
reason, microsatellite markers have been developed for population
genetics studies (21-23) although a suitable density of markers is
not available to infer genes involved in drug resistance.
Cost-effective and rapid whole-genome sequencing technolo-
gies are available that allow 30-100x coverage of the haploid
P. vivax genome. The central question is whether such methods
can be used directly on patient samples with a high degree of
accuracy. Here, we report whole-genome sequencing results with
30x coverage of a P. vivax isolate obtained directly ex vivo without
further propagation in vitro or in monkeys. In addition to whole-
genome sequencing, the parasite isolate was analyzed using
a whole-genome tiling microarray (14, 24). Our studies provide
thousands of cross-validated polymorphisms in this Peruvian
isolate of P. vivax, which are applicable to analysis of genetic di-
versity in P. vivax and to the identification of highly variable genes,
such as a P. vivax multidrug resistance protein (pvmrpl,
PVX_097025), which may be under immune or drug pressure.
Further characterization of these highly variable genes could help
to identify drug resistance genes as well as new vaccine candidates.
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Fig. 1. Pileup alignment of lllumina sequencing reads across the P. vivax
genome. Regions are colored by read depth, with regions covered by less
than 20 reads in black, 20-100 reads in red, and more than 100 reads in blue.
Subtelomeric and internal regions containing repetitive regions or multicopy
highly variable genes indicated by circles correlate with lower read depth.
Asterisks indicate regions with loss of hybridization by microarray that
contain highly variable surface protein genes (Fig. 2).

lllumina Read Coverage for Peruvian Isolate

Results

Full-Genome Analysis of a Patient Isolate. The initial objective of
this study was to determine the feasibility of analyzing the com-
plete genome of a P. vivax isolate obtained directly ex vivo from an
infected human. Infected erythrocytes from a 5-mL blood sample
were obtained from a smear-positive acutely febrile patient with
uncomplicated P. vivax malaria in Iquitos, Peru, in April 2007,
parasitemia was estimated at 1.9% by light microscopy, which is
high for P. vivax malaria. The blood sample was passed over
a CF11 leukocyte depletion filter, and total genomic DNA was
extracted from the patient isolate (IQ07). Nested PCR showed no
coinfection with P. falciparum, and merozoite surface protein 3
(msp3)-a PCR-restriction fragment length polymorphism (RFLP)
genotyping confirmed the infection to be monoallelic at this locus
(25). Total genomic DNA was subjected to whole-genome am-
plification and was sequenced using the Illumina genome analyzer
platform (26). We obtained 58 million reads with read lengths of
40 bases. Average genome coverage was 30x although coverage
was variable in subtelomeric regions and in members of multigene
families due to poor current assembly of these areas (Fig. 1).
Analysis of the sequencing results indicated that the leukocyte
depletion step increased the number of parasites per leukocyte
10-fold (Table 1), thereby reducing human DNA contamination
and allowing analysis of the P. vivax genome.

Sequencing Reveals Tens of Thousands of Mutations. A major aim of
resequencing in malaria parasites is to find single-nucleotide
polymorphisms (SNPs) that can be used to reveal genes under
immune or drug selection or to find markers for population ge-
netic studies. IQ07 isolate reads were aligned to the 14 assembled
P. vivax chromosomes using Bowtie (27), and SNPs relative to
the Sall reference strain were called using Maq (28). We limited
our analysis to those SNPs with unambiguous base change calls
and that were covered by three or more reads. The resulting high-
confidence SNP set consisted of 18,261 SNPs (Dataset S1), which
had a SNP rate of 0.81 SNPs per 1,000 bases, which is similar to

rates observed between clones of P. falciparum isolated from
different regions (26). Using Sanger sequencing, we confirmed all
SNPs in a subset of high-confidence calls by Illumina sequencing
as polymorphisms in IQ07; although the majority of SNPs (21/24)
were correctly identified, three of the Illumina SNPs were instead
confirmed as deletions in IQ07 relative to Sall (SI Materials and
Methods, Table S6, and SI Appendix).

We next sought to cross-validate the SNPs predicted by se-
quencing using a high-density P. vivax tiling microarray (14).
Microarrays are less expensive and simpler to use than whole-ge-
nome sequencing and thus may represent a valuable alternative
approach to direct sequencing for assessing diversity in field isolates.
To assess genetic diversity by microarray, we used the same whole-
genome amplified DNA from IQ07 and Sall described above. The
patient-derived isolate showed mean and median hybridization in-
tensities for human-specific probes at only slightly higher levels than
background but with a significantly different distribution (Kolmo-
gorov-Smirnov test p value 7.4 x 107*°) (Fig. S1). This result, along
with our sequencing data, indicated that leukocyte depletion, al-
though not 100% effective, resulted in a large reduction of con-
taminating human DNA in the patient-derived sample.

The algorithms designed for analysis of our P. falciparum
microarray (24) were extended to analyze hybridizations of geno-
mic DNA to the P. vivax array. Despite the lower probe density of 6-
bp spacing compared with our P. falciparum array with 2- to 3-bp
spacing, we observed clear signals for polymorphisms. The ap-
pearance of SNPs in the genomic DNA of the patient-derived
isolate compared with the reference strain resulted in hybridization
intensities that were lower in the patient isolate than in the refer-
ence. The log of the ratio of intensities of the patient isolate IQ07 to
the reference strain Sall was analyzed using a one-tailed z-test, and
an F-test was used to predict the base-pair position of the poly-
morphism as described previously (245). We classified probes with
a z-test p value of less than 1 x 107" as highly likely to contain
mutations in the isolate, resulting in a total of 8,118 predicted
polymorphisms (Dataset S2). A lower threshold of 1 x 107>
detected 31,018 polymorphisms. Using the high-stringency cutoff,
our microarray was able to achieve a SNP detection rate of 33.6%
with a false discovery rate of 4.5% (Table S1 and SI Materials and
Methods), thus validating thousands of SNPs that can be used in
genetic diversity studies. The 18,261 SNPs identified with high
confidence from sequencing and the 8,118 polymorphisms identi-
fied by microarray were used for further analysis (presented below).

Using a stringent p value of 1 x 107 allowed us to detect
polymorphisms with high confidence but likely underestimated
the number of polymorphisms per gene as evidenced by more
SNPs than microarray polymorphisms being identified by se-
quencing for most genes (Dataset S3). It is interesting to note,
however, that for highly variable genes, we found more poly-
morphisms by microarray than by sequencing. For example, we
found 51 polymorphisms by microarray but only 7 SNPs by se-
quencing in one msp3 gene (PVX_097685), 107 but only 4 in the
reticulocyte binding protein 2 precursor (PVX_090325), and 41 but
only 4 in reticulocyte-binding protein 1 (PVX_098585), respectively.
These genes often contain low-complexity regions, which are
more likely to bear small insertion/deletion events within their
sequences (29) and may compromise alignments accounting for
a lower number of reads (average coverage of 1.6x, 2.6%, and
11.1x, respectively, versus average coverage of 40.0x for all genes;
Dataset S3 and Dataset S4). Thus, our data demonstrate that our
dual approaches for polymorphism detection are complementary
and that SNPs are likely to be systematically underestimated for
the most variable genes.

Table 1. Evaluation of human leukocyte contamination by sequencing analysis

DNA content Total Reads Average fold Relative no. Relative gene
Cell of cell reads per Mb coverage of cells copy number
Human nucleated cell 6.4 Gb (diploid) 25,774,830 4,027 0.16 1 1
P. vivax parasite 26.8 Mb (haploid) 22,427,291 836,839 33.47 208 104
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Fig. 2. Genome-wide detection of polymorphismsin a patient-derived isolate
of P. vivax. The log, ratios of intensities of 1Q07 versus Sall were displayed
along each chromosome in the P. vivax genome and are colored by the running
mean over 500 bp. Loss of hybridization (black) in 1Q07 relative to the refer-
ence isolate indicates highly variable genes and correlates with subtelomeric
and internal loci of multigene families that are involved in host-pathogen
interactions such as msp3, msp7, sera, and vir. The loss of hybridization on
chromosomes 6 and 7 (marked with asterisks) that contain hypothetical genes
of unknown function corresponds to syntenic regions in P. falciparum that
contain highly variable surface protein genes, including msp genes.

High Level of Mutations in Multigene Families. In P. falciparum,
members of multigene families play roles in antigenic variation,
as only some members of a multigene family may be expressed
whereas the rest are transcriptionally silenced (30, 31). In both
P. vivax and P. falciparum, these genes are clustered in specific
regions of the genome (11, 32). On the basis of work with
P. falciparum (33) and with P. vivax (34) it is known that members
of multigene families are genetically variable, and, as expected,
both sequencing and microarray analysis identified exceptionally
high levels of genetic variability in members of multigene families
in our P. vivax patient-derived isolate (Fig. 2 and Table 2). In
isolate 1Q07, 8.13%, 2.14%, and 6.16% of unique probes that
map to annotated chromosomal msp3-a (12 genes), msp7 (11
genes), and vir (87 genes with probes) gene families, respectively,
were called as lcl)olymorphic by our algorithm using a p-value
cutoff of 1 x 107*>. In contrast, only 0.25% of probes that map to
genes that fall outside of recognizable gene families were con-

Table 2. Classification of genes

sidered polymorphic using the same p-value cutoff. Similarly, by
sequencing, the msp3, msp7, and vir gene families had SNP rates
of 13.42%, 3.73%, and 2.53%, respectively; other genes had
a SNP rate of 0.06%. Other multigene families such as the serine-
repeat antigen (SERA) family and the P. vivax tryptophan-rich
antigen family (Pv-fam-a) showed high levels of sequence vari-
ability with both methods (Table 2).

Genes Under Selection. Our work with laboratory-evolved P. falci-
parum has shown that in vitro drug pressure can rapidly select for
multiple independent coding mutations specifically in genes
encoding enzymes or transporters involved in drug resistance
(35). Although one mutation may help the parasite evade a drug,
a compensatory mutation at an unrelated site in the same protein
may also be needed to help to stabilize the protein’s structure or
improve its catalytic efficiency. This pattern has been observed
by sequencing field isolates as well (36, 37). There are more SNPs
(12 nonsynonymous and 0 synonymous) in the chloroquine re-
sistance transporter (pfcrt) in assorted P. falciparum isolates rel-
ative to what would be expected by chance without considering
the resistance or sensitivity phenotype (36, 37). Indeed, after ex-
cluding nonconserved, membrane-localized or antigenic proteins,
pfert remains one of the most variable in the P. falciparum genome
(33, 36, 37). Thus, well-characterized genes conserved across
species with higher rates of nonsynonymous SNPs will often have
roles in drug resistance. We therefore examined the group of genes
that showed the highest ratios of nonsynonymous substitutions
(dn) per site to synonymous (ds) substitutions per site (dn/ds) in
our isolate relative to Sall. Altogether, 87 genes had dn/ds greater
than one with at least five nonsynonymous mutations (Table S2).
The group included a reticulocyte-binding protein, ama-1, several
transcription factors, and msp5. In addition, the group contained
pvmipl, an ABC transporter that bears five nonsynonymous SNPs
and no synonymous SNPs (Fig. 3E and Table S2). The syntenic P.
falciparum gene, also showing the greatest sequence homology, is
the multidrug resistance protein 1 (PFA0590w, PIMRP1, BlastP
P < 107%), which has been associated with quinoline resistance
(38-40) and resistance to antifolates (41). Most of the substitutions
are in sequences that are conserved across Plasmodium species (Fig.
S2), indicating their importance. In addition, homology modeling
based on the Staphylococcus aureus ABC transporter SAV1866
showed that half of the mapped SNPs were located in the trans-
membrane pore region of the transporter (Fig. S3). Notably, P.
falciparum knockout strains are also more sensitive to primaquine
(40). Given the tremendous need for molecular markers that

No.of SNPs per Average SNPs Microarray polymorphisms Average polymorphisms
Class description genes gene per base (%) per gene per probe (%)
Merozoite surface protein 3 12 13.42 0.57 32.58 8.13
SERA family 13 14.69 0.47 13.46 2.70
AP2 transcription factors 26 4.38 0.07 1.61 0.15
Vir genes 87 2.53 0.20 11.62 6.16
Pv-fam-d proteins 13 1.92 0.13 3.85 1.24
Merozoite surface protein 7 1 3.73 0.36 3.09 2.14
Tryptophan-rich antigens (Pv-fam-a) 21 2.29 0.13 2.19 0.81
Membrane proteins 208 2.29 0.07 1.18 0.25
Phist proteins (Pf-fam-b) 18 1.28 0.10 1.06 0.51
None 4,421 1.53 0.06 0.91 0.25
Pv-fam-b proteins 5 0.60 0.05 0.80 0.53
Early transcribed membrane proteins 9 1.00 0.15 0.78 1.02
RAD proteins (Pv-fam-e) 40 1.10 0.12 0.75 0.53
Pv-fam-h proteins 4 1.25 0.10 0.50 0.41
Ribosomal proteins 132 0.27 0.04 0.15 0.13
Pv-fam-g proteins 3 0.00 0.00 0.00 0.00

Numbers are calculated for SNPs covered by at least three reads and the stringent cutoff of 1 x 10~'® for polymorphisms. “No. of genes” indicates the

number of genes of a particular class.
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predict quinoline resistance in P. vivax, these associations are
worth investigating in more detail.

Positive Selection on Transcription Factors. Although mutations in
the chloroquine resistance transporter (pvert, PVX_087980) are
not thought to be associated with chloroquine resistance (23, 42,
43), increased expression of pvert has been found in chloroquine-
resistant P. vivax (44). In addition, the level of dihydrofolate
reductase (pvdhfr, PVX_089950) expression is higher in some
P. vivax isolates relative to P. falciparum (14). Thus, transcription
may play a role in drug resistance in P. vivax. Interestingly, we
find that six AP2 transcription factors (45) (PVX_083040,
PVX 091065, PVX_123750, PVX 122680, PVX 090110,
PVX 114260) as well as the ADA2 transcription factor
(PVX_094945) have dn/ds greater than one with multiple non-
synonymous SNPs (Table S2). Changes in the amino acid se-
quence in these transcription factors could give increased
expression of downstream targets, which might include drug re-
sistance genes, as some of the identified SNPs fall within AP2
domains or putative regulatory sequences (Table S3). Indeed,
the AP2 family of transcription factors was among the most
variable classes of proteins in our analysis with an average of 4.38
SNPs per gene (Table 2) although their large size means that the
number per base is not exceptional. Similar patterns are ob-
served in P. falciparum in genes with AP2 domains: PF11_0442
bears 21 nonsynonymous SNPs and 1 synonymous SNP,
PFL1075w (ortholog of PVX_ 123750) has 28 and 3, and
PF13_0235 (ortholog of PVX_083040) has 53 and 9. Data from
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mammalian genomes have indicated that evolution may be
driven through the expansion and modification of transcription
factors (46), and it is not unreasonable to postulate that evolu-
tion to drug or host immune responses in malaria parasites may
be driven by changes in transcription factors and their DNA-
binding domains. The genetic variability of transcription factors
demonstrated here through whole-genome analysis warrants
further investigation of this hypothesis.

Drug Resistance. Our Peruvian isolate is likely to have been sub-
jected to 35 additional years of intensive, modern drug pressure
relative to the Salvador I reference strain, which was isolated from
a human in the La Paz region of El Salvador in 1972 (47). We
therefore examined microarray- and sequencing-based variation
in known resistance genes (Fig. 3 and Table 3). Both methods
identified a common mutation in South American pvdhfr, SS8R
(48). We detected a strong signal for a mutation near codon 205
(M205I by sequencing) of dihydropteroate synthetase (pvdhps,
PVX _123230), a location not previously described as polymor-
phic. We also found that IQ07 contains described mutations
M90SL, T958M, and a synonymous mutation at codon 1022 in the
multidrug resistance gene 1 (pvmdrl, PVX_080100) (23). Finally,
we detected a known mutation ~500 bp upstream of the start
codon in the 5’ untranslated region of pvcrt (48) and a mutation
~100 bp into the first intron of this gene.

Pre-erythrocytic Vaccine Candidates. In P. falciparum, genes that
produce the most abundant proteins in sporozoites have been
investigated as vaccine candidates (49, 50). In addition, these
pre-erythrocytic vaccine candidates show evidence of higher-than-
expected variability in P. falciparum (33). We thus sought to
classify the most highly variable and highly expressed transcripts
for the P. vivax sporozoite stage (Table S4). Using P. vivax spo-
rozoite expression data (14), we identified abundantly transcribed
genes (>500 units) whose expression peaked in sporozoites with
nonsynonymous SNPs and dy/ds greater than 1 (34 genes). In-
cluded in the 34 genes were ama-1, circumsporoziote protein
(PVX_119355), and sporozoite surface protein 2 (PVX_082735),
which are antigens that have been considered for pre-erythrocytic
or blood stage vaccines in P. vivax (51). Further investigation of
the other genes in this short list might reveal proteins useful as
vaccine candidates, but further sequencing of additional isolates
is needed to distinguish between genes variable because of im-
mune selection versus random chance.

Discussion

We present here the second genome sequence of P. vivax, using
methodological advances that make such genomic analysis avail-
able to small laboratories. The primary disadvantage of whole-
genome sequencing is that the downstream data analysis is not
yet streamlined. Although sequencing provides the precise base-
pair change of a polymorphism, our microarray-based method
can produce a snapshot of polymorphisms in the P. vivax genome
in under an hour of data analysis after an overnight hybridiza-
tion. The techniques demonstrated here have utility in the field
for answering fundamental, previously unaddressable questions
about P. vivax population genetics and diversity.

Developing tools for studying genetic diversity directly from
field samples in P. vivax is critical because it allows for the dis-
covery and monitoring of genes involved in drug resistance as
well as for identifying potential vaccine candidates. Genetic di-
versity studies have been useful in P. falciparum for rapidly
identifying genomic regions in linkage disequilibrium following
selection for drug-resistant parasites (33, 36). In addition,
microarray-based genetic diversity studies of P. falciparum
identified the amplification of GTP cyclohydrolase 1 (pfgchl,
PFL1155w) and suggested it as a marker for antifolate resistance
(33). These types of studies are particularly needed in P. vivax as
there is evidence of the emergence of resistance to chloroquine,
which is widely used as a first-line treatment, and the mecha-
nisms of chloroquine action and resistance are fundamentally
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Table 3. Polymorphism detection in P. vivax drug resistance genes by microarray and sequencing analysis
Microarray polymorphic P value Illumina sequencing

Gene Chromosome range (bp) (prediction) cutoff (SNP reads/total reads)

pvdhfr 5 964,772-964,814 (964,797) 107" T964796C [Y69Y] (13/13)
964,742-964,820 (964,797) 107"° C964763G [S58R] (31/31)

pvdhps 14 1,258,370-1,258,412 (1,258,389) 1071 C1258389T [M2051] (12/12)

pvmdr1 10 363,008-363,055 (363,031) 107" G363032A [L1022L] (12/13)
363,200-363,242 (363,221) 107" G363223A [T958M] (18/19)
363,362-363,404 (363,383) 107%° T363374G [M908L] (14/15)

pvcrt 1 330,470-330,518 (330,489) 1071 T330482C [5’ upstream region] (2/2)
330,470-330,518 (330,489) 107" G330484T [5’ upstream region] (1/1)
330,470-330,518 (330,489) 107" C330495A [5’ upstream region] (4/5)
331,138-331,172 (331,152) 107" T331151C [intronic] (58/58)

pvmrp 2 154,052-154,088 (154,069) 1071 C154067T [H1586Y] (13/13)
154376-154,412 (154,393) 107" G154391A [V1478I] (6/6)
154,556-154,592 (154,575) 1071 G154567C [G1419A] (8/8)
154,628-154,670 (154,647) 107" T154646G [Y1393D] (11/11)
154,964-155,000 (154,983) 107"° T154979A [L12821] (10/10)

Microarray polymorphisms are presented as base-pair ranges with the predicted SNP position in parentheses. p value indicates the cutoff for detection of
polymorphisms by microarray. Sequencing polymorphisms are presented as SNP base-pair position and nucleotide change. For sequencing results, the

predicted amino acid change resulting from the SNP is indicated in brackets.

different from those in P. falciparum (7). Once identified, the
global geographic distribution of drug resistance genes can help
inform treatment policy. In addition, genetic diversity studies
can provide information on the variability of possible vaccine
candidates as has been shown in P. falciparum (33, 36, 37, 52).

In our study, pvmrpl has a dn/ds of infinity, suggesting pos-
itive selection. Studies of PEMRP1 have shown that one of its
roles is to pump out glutathione (40). The killing effect of pri-
maquine is thought to be through introducing oxidative damage
to mitochondria, and thus if parasites showed an improved
ability to export glutathione adducts, tolerance might be expec-
ted. In addition, knockouts of the gene in P. falciparum have
rendered the parasites more sensitive to primaquine (40). It
should be noted, however, that PEMRP1 has also been associated
with artemisinin resistance in P. falciparum (53), and, therefore,
PvMRP1 may be a general drug resistance protein. The data pre-
sented here coupled with data from P. falciparum suggest that
pvmrp is a promising candidate for further evaluation.

Along with identifying drug resistance genes and potential
vaccine candidates, future studies using the polymorphisms
identified here can help monitor the emergence and spread of
drug resistance. Although many believe that primaquine toler-
ance in P. vivax is widespread (26), quantifying the extent of
resistance is difficult, and we have no information on our iso-
late’s sensitivity to primaquine, chloroquine, or quinine. There
are currently no cell-based efficacy assays or genetic markers for
primaquine resistance in P. vivax (42), and the main issue hin-
dering the study of primaquine resistance is the inability to
identify a relapse from a reinfection. The set of genetic markers
from our study can potentially be used to distinguish a relapse
from a new infection, and once true relapses are identified,
polymorphisms that associate with resistance can be ascertained.
If molecular markers that could be used to predict primaquine
tolerance were discovered, it might allow the development of
appropriate treatment plans that could be used to extend the life
of this drug.

New whole-genome technologies have the ability to rapidly
accelerate research of the neglected malaria parasite P. vivax.
Research has been restricted due to the difficulty of in vitro cul-
tivation, but the ability to analyze genomic DNA directly from
patient-derived isolates promises to overcome this limitation. We
show here how microarray-based polymorphism detection and
whole-genome sequencing can be used to create genome-wide
maps of genetic diversity in P. vivax and how this may lead to new
drug-resistant candidate genes, new vaccine candidates, and new
tools in developing treatment policy.
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Materials and Methods

Ethics Statement. The protocol used to collect human blood samples for this
work was approved by the Human Subjects Protection Program of The Scripps
Research Institute and the University of California, San Diego, and by the Ethical
Committees of Universidad Peruana Cayetano Heredia and the Asociacion
Benefica PRISMA, Iquitos, Peru. Written informed consent was obtained from
each subject or a parentin the case of minors. The consent form states in English
and Spanish thatsamples may be used for any scientific purpose involving this or
any other project, now or in the future, and that the samples may be shared with
other researchers.

Sample Collection. Two sources of DNA were used for our initial experiments.
First, several hundred nanograms of pure P. vivax Sall DNA [the genome-
sequencing project reference strain (11)] was obtained from John Barnwell at
the Centers for Disease Control and Prevention. Second, we obtained P. vivax
DNA isolated from a Peruvian patient known to have P. vivax malaria (1Q07).
The material was derived from 5 mL of whole blood that had been obtained
with informed consent. White blood cells were removed using a Whatman
CF11 column (Whatman plc). DNA purified from the Sall sample in duplicate
and the patient-derived sample was subjected to a whole-genome amplifi-
cation using the Qiagen RepliG kit. The amplified DNA was used for lllumina
sequencing and microarray analysis.

Microarray Analysis. For these experiments, a custom Affymetrix whole-ge-
nome tiling microarray based on the current assembly of the P. vivax genome
sequence was used. Twenty micrograms of genomic DNA from each ampli-
fication reaction (Sall in replicate and 1Q07) and 2.5 ng each of Bio B, Bio C,
Bio D, and Cre Affymetrix control plasmids were fragmented with DNasel
and end-labeled with biotin (54). The samples were hybridized to the
microarrays overnight at 45 °C using Affymetrix kits, washed, and scanned
following manufacturer’s instructions.

The polymorphism detection was performed as previously described for
P. falciparum (24). Briefly, using a sliding window of three overlapping
probes, we scanned for sets that had significantly lower hybridization in
IQ07 when compared with the Sall reference that were indicative of
a polymorphism as determined by z-test using an empirically derived SD.
Combining the data from the sliding windows of three probes enabled us to
establish the boundaries within which the polymorphisms were contained.
To predict the precise position of SNPs, we used an empirically determined
model of the loss of hybridization based on the SNP position in probes. An F-
test was then performed with the model, on the basis of the null hypothesis
of the mean equaling zero, to predict the position of the polymorphism.

Illumina Sequencing and Analysis. The P. vivax isolate was sequenced on three
lanes of an Illumina Genome Analyzer Flow Cell with a paired-end module,
resulting in 57,917,344 total reads. The reads were aligned to the Sall ge-
nome (PlasmoDB version 5.5) and the human genome (National Center for
Biotechnology Information build 36.3) using Bowtie (27). The alignment was
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performed with singleton reads using option -v 3, which emulated Short
Oligonucleotide Alignment Program-style alignment (55) in which three
mismatches were allowed in a 40-bp read. The Bowtie output was converted
into Mag maps, and Maq (28) was used to generate the list of poly-
morphisms between 1Q07 and the reference genome for the 14 assembled
chromosomes. SNPs that were unambiguous (no mixed SNP calls) and cov-
ered with more than three reads were used to validate the results of the
microarray analysis. SNPs that mapped to the predicted coding sequences of
core chromosomal genes were used to delineate synonymous and non-
synonymous SNPs. Maximum-likelihood estimates were obtained for the
numbers of synonymous (ds) and nonsynonymous (dy) substitutions per site
between the Sall reference and 1Q07 and for the ratio dy/ds. Calculations
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were performed using the codem/ program of the PAML package version
4.4b (56) (S| Materials and Methods).
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